In recent years it has become possible by sophisticated centrifugation techniques, particularly by using suspending media with a density gradient, to separate particles according to their size and density. This has obvious applications in haematology and in particular the method was attractive as a possible means of separating for further examination the abnormal cells often seen in buffy coat preparations in various conditions, especially Hodgkin's disease (Crowther, Fairley, and Sewell, 1969; Bouroncle, 1966; Halie, Eibergen, and Nieweg, 1972) .
Basic Principles and Development of Method
The equations governing the sedimentation of particles in a liquid are given in the appendix. These equations show how the sedimentation velocity and hence the separation of particles depends on their density relative to the suspending medium and particularly on their diameter, since this occurs as a squared term. Much work on density gradient separation of cells has been done in gradients made up in tubes either as a continuous gradient (Shortman, 1968) or as a discontinuous gradient composed of steps each of decreasing density layered above one another (Dicke, Tridente, and Van Bekkum, 1969) .
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Reprint requests to: Dr J. V. Garrett, Pathology Department, Christie Hospital, Manchester, M20 9BX. Received for publication 30 May 1974. practical limitations of tube gradients the zonal centrifuge was developed (Anderson, 1966) . For cell separation this has the advantage that wall effects are eliminated and the large capacity of the rotor, over 1 litre of gradient, enables considerable numbers of cells to be used in the initial suspension. Conversely it has the disadvantage that the different cell fractions have to be recovered from a large volume of liquid. In this paper we are only concerned with the large volume type A slow speed, zonal rotor (Measuring & Scientific Equipment Ltd, Crawley, Sussex) on the MSE Mistral 6L centrifuge.
The separation of cells in this apparatus is by the rate zonal principle, that is to say, it is effected by the rate of sedimentation of the cells according to the differential sedimentation equation and does not depend on the cells reaching different density equilibrium positions (Boone, Harell, and Bond, 1968) . A refinement of the density gradient was described by Noll (1967) in which the increasing force exerted on the particles as the result of the increasing radial distance during centrifugation is counterbalanced by increasing the viscosity of the medium towards the periphery. Such a gradient is termed isokinetic and allows maximum separation of the cells by the rate zonal method.
If the relevant values are known they may be substituted in the sedimentation formula and a small computer programme developed to predict sedimentation results in different media by cells of different density and size. Such programmes of gradient sedimentation conditions have been developed by Pretlow and his coworkers (Pretlow and Patricia M. Egan and J. V. Garrett Boone, 1969; Pretlow, 1971; Pretlow and Luberoff, 1973) and applied to isokinetic tube gradients. This type of calculation has now been extended for use with the zonal rotor and the details are given in the appendix. By this means it is possible to predict the radial positions reached by cells of stated size and density after a run at a specified speed for a specified time in a gradient of known viscosity and density.
Materials and Methods

BLOOD SAMPLES
Twenty ml peripheral blood was collected into a hepatinized container without preservative. FICOLL Ficoll (Pharmacia) was used to make up the continuous density gradient. A stock solution, 20% w/v in distilled water, was prepared and treated at 4°C with de-ionizing resin AG501-X8D (BioRad Labs) (Gorczynski, Miller, and Phillips, 1970 The medium was buffered at pH 7 2 with Hepes (N-2-hydroxy-ethyl piperazine-N'-2-ethansulphonic acid, BDH Chemicals), at a final concentration of 10 mM.
A gradient, linear by volume, was generated from the periphery in the rotor, cooled to 4°C and spinning at 300 rpm using the MSE gradient former and HIFLO Pump, 500 ml of light and 490 ml of heavy solution being mixed to provide 990 ml of gradient.
One hundred ml of 150% Ficoll (density 1 35) was added at the end of the gradient to act as a cushion and prevent further cell sedimentation. This solution was coloured by the addition of lissamine green so that the position of the cushion was visible, which was useful to know when unloading the rotor. The space remaining was filled with 250% sucrose solution.
A 30 ml cell suspension was applied to the gradient at the centre of the rotor and finally a further 30 ml of MEM overlay was added.
The speed and time for each run was that previously predicted by the computer programme to give the maximum cell separation. At the end of the run the rotor speed was reduced to 300 rpm and the gradient pumped out by introducing 250% sucrose at the periphery.
Twenty-two-ml fractions were collected, a small sample of each was taken for cell count by the Coulter counter, and the refractive index of every third fraction was measured to check the density.
The remaining cell suspension was spun to concentrate the cells which were then washed and resuspended in 2 ml 199 medium.
PREPARATION OF SLIDES
This cell suspension was again centrifuged and resuspended in a sufficient volume of 199 + 15 % BSA to give a final concentration of approximately 1 x 105 cells/ml. Samples of this suspension, each of 0 2 ml, were used in the Shandon cytocentrifuge to prepare slides which were then stained by Leishman's stain.
The density of the gradient at any point can be obtained from the refractive index as a linear relationship exists between the refractive index of Ficoll solutions and their density (Bach and Brashler, 1970 Pretlow and Luberoff (1973) used in the sedimentation formula. From the curve obtained for the gradient usually employed (fig 4) it will be seen that there is an overlap to be expected of cells with the same or similar diameter at slightly differing density. This was frequently observed, especially between fractions 18-26 as expected, and there also often appeared to be a population of small lymphocytes of rather greater density than the main population which was observed appearing in the lower fractions mixed with large cells (see fig 22) . Figure 5 shows the usual pattern of distribution of cell numbers among the fractions when white cells from normal blood are treated. The peak around fraction 12 is composed of small lymphocytes and relatively few cells are found in the lower tubes, but there is usually a small peak of larger cells between fractions 30 and 40.
In blood the progressive purification from the mixture of cells seen in the buffy layer preparations followed in general the pattern shown in figures 6-9.
Results in Particular Conditions NORMAL BLOOD (FIVE CASES)
The first fractions contained platelets, if they had not already been removed by using defibrinated blood, and the first lymphocytes to be recognized were a few of the very small lymphocytes sometimes ,um when examined stained on the slide (compared with a red cell diameter of 7-9 ,um on the same slide).
Next the fractions with the greatest number of cells appeared and these were small lymphocytes, diameter 10 5-12 5 ,um (fig 7) , with lower down an increasing number of larger lymphocytes (fig 8) and then more basophilic or plasmacytoid cells (figs 9 and 10), but these were few in normal subjects. Lower down there may appear a few lymphocytes resembling mitogen transformed stimulated cells with obvious nucleoli (fig 11) fig 12) ; or cells with blastlike nuclei (fig 13) .
HODGKIN S DISEASE (SIX CASES)
Some of these, especially in the later stages with disseminated disease, showed abnormal cells. These were found in the denser fractions below the lymphocytes and were large cells with basophilic cytoplasm and abnormal, irregularly shaped nuclei, usually with an abnormal appearance of the chromatin (fig 14) . These were in addition to the cells probably corresponding to transformed or reactive lymphocytes seen higher up the gradient (fig 15) .
The cells with irregular nuclei were similar to those seen in cases of glandular fever but were often more bizarre (fig 16) .
FOLLOWING KNOWN ANTIGENIC STIMULUS IN A NORMAL SUBJECT
One subject was examined 10 days after receiving smallpox vaccination and TAB inoculation when a marked vesicular vaccinial lesion was present. In the fractions with the highest concentration about There were also cells with irregularly shaped nuclei rather similar to those seen in Hodgkin's disease but not in such large numbers or of quite such abnormal appearance (fig 19) . When the examination was repeated seven days after the second TAB inoculation the preparation showed very many fewer of the large transformed blast-like cells, and rather more of the plasmacytoid and other types of cell with basophilic cytoplasm and slightly eccentric nucleus but without an obvious nucleolus.
Discussion
The method has enabled a concentration of abnormal cells from human blood to be made even if it has not so far proved possible to isolate these as pure fractions. Nevertheless, this concentration of the abnormal cells, even if only small numbers are obtained, should facilitate their study. Total recovery of cells was variable but appeared to be between 25% and 70%. Attention was first directed to deciding if the cell abnormalities observed could be due to artefacts produced by the gradient medium and centrifugation process. Ficoll itself is an inert, non-ionized sucroseepichlorohydrin co-polymer and in the concentration used here it does not appear to be toxic. Viability counts with trypan blue-performed on some of the fractions, and after incubation of cells with the medium for two hours-gave satisfactory results, at least 80% of the cells excluding the dye.
Other workers have confirmed that Ficoll does not have a deleterious effect on cells, thus Gorczynski et al (1970) reported that even 36% Ficoll for three hours did not affect the plaque-forming cell ability of mouse spleen cells, and Cooper and Bain (1971) , who used a very similar method to that employed here with guinea pig lymph node cells, observed no toxic effects as judged by plaque-forming ability and mediation of transfer reactions.
The question of the osmotic effect of gradient density media has exercised a number of observers (Dicke et al, 1969; Gorczynski etal, 1970; Williams et al, 1972 (Bouroncle, 1966 the cell only and that Dm and 't/r or 7q/K are independent of the cell but vary down the gradient. The physical dimensions of the rotor establish a relation between the radius r and the zonal volume V and then the parameters of the gradient can be specified in terms of V instead of r. Each gradient can be specified by a list of Dm and -qlr at equal intervals of r or by Dm and -qlK at equal intervals of V. Numerical integration of the equations can then be carried out quite rapidly using the trapesoidal method and many programmable desk calculators are adequate for this purpose.
